Cathepsin G (CatG), a serine protease present in mast cells and neutrophils, can produce angiotensin-II (Ang-II) and degrade elastin. Here we demonstrate increased CatG expression in smooth muscle cells (SMCs), endothelial cells (ECs), macrophages, and T cells from human atherosclerotic lesions. In low-density lipoprotein (LDL) receptordeficient (Ldlr -/-) mice, the absence of CatG reduces arterial wall elastin degradation and attenuates early atherosclerosis when mice consume a Western diet for 3 months. When mice consume this diet for 6 months, however, CatG deficiency exacerbates atherosclerosis in aortic arch without affecting lesion inflammatory cell content or extracellular matrix accumulation, but raises plasma total cholesterol and LDL levels without affecting high-density lipoprotein (HDL) or triglyceride levels. Patients with atherosclerosis also have significantly reduced plasma CatG levels that correlate inversely with total cholesterol (r = -0.535, P b 0.0001) and LDL cholesterol (r = -0.559, P b 0.0001), but not with HDL cholesterol (P = 0.901) or triglycerides (P = 0.186). Such inverse correlations with total cholesterol (r = -0.504, P b 0.0001) and LDL cholesterol (r = -0.502, P b 0.0001) remain significant after adjusting for lipid lowering treatments among this patient population. Human CatG degrades purified human LDL, but not HDL. This study suggests that CatG promotes early atherogenesis through its elastinolytic activity, but suppresses late progression of atherosclerosis by degrading LDL without affecting HDL or triglycerides.
Introduction
Cathepsin G (CatG), a serine protease, localizes in mast cells and neutrophils [1] [2] [3] . The best known function of CatG in a cardiovascular context is its ability to activate the renin-angiotensin system: CatG produces angiotensin II (Ang-II) from angiotensin I (Ang-I) and angiotensinogen [2, 4, 5] . Considerable data implicate Ang-II in the pathogenesis of atherosclerosis [3, 6] . Ang-II affects vascular structure and function. In atherosclerotic lesions, Ang-II induces smooth muscle cell (SMC) growth and migration, activates macrophages, increases platelet aggregation, and causes endothelial dysfunction. It also promotes apoptosis, increases oxidative stress, promotes leukocyte adhesion and migration, stimulates thrombosis, and has proinflammatory effects [7, 8] . In addition to producing Ang-II, CatG also activates matrix metalloproteinase (MMP)-1, -2, -3, and -9 zymogens [9] [10] [11] [12] or enhances their expression [13] . MMPs participate in atherogenesis [14, 15] . CatG is also an elastase [16, 17] and collagenase activator [18] . We have recently found that CatG degrades type I collagen [17] , the dominant collagen type in human aortic wall. Therefore, CatG may contribute to atherogenesis directly via its elastinolytic and collagenolytic activities or indirectly via its capability of activating collagenases or MMPs, and producing Ang-II.
While the normal human aortas contain negligible CatG, its expression in human atherosclerotic lesions increases by 2-fold as determined by immunoblot analysis, and CatG immunolocalizes to leukocytes and mast cells in the tunica media and adventitia [19] . Increased CatG in aortas may degrade VE-cadherin and fibronectin, thereby enhancing the expression and activation of MMPs [13] and the interaction of blood-borne leukocytes with the luminal endothelium [20] . A recent study using Apoe ) significantly reduced lesion collagen and SMC content, and apoptotic cell number [21] , supporting a role of CatG in experimental atherosclerosis.
This study used CatG and low-density lipoprotein receptor (LDLr) double-deficient mice (Ldlr -/-Ctsg -/-) and examined blood from patients with atherosclerosis to probe further potential roles of CatG in atherosclerosis. The findings implicate CatG in elastin degradation in early atherogenesis, and in LDL catabolism at a later stage. Patients with atherosclerosis have a significant inverse association between plasma LDL and CatG. 
Human atherosclerotic lesion immunohistology and immunoblot analysis
Human atherosclerotic plaques were obtained at endarterectomy (n = 12), and non-atherosclerotic carotid arteries from heart transplant donors (n = 10), according to protocols pre-approved by the Human Investigative Review Committee of Brigham and Women's Hospital. Human atherosclerosis serial cryostat sections (6 μm) were stained for CatG (1:200, Calbiochem, San Diego, CA), CD68 (macrophages, 1:700, Dako, Carpinteria, CA). For localization of CatG to cell types rabbit anti-CatG (1:50) antibody mixed with mouse anti-CD68 (1:50, Dako), or anti-CD31 (endothelial cells [ECs], 1:30, Dako), or -α-actin (SMCs, 1:30, Enzo Diagnostics Inc., Farmingdale, NY), or -CD4 (T cells, 1:20, BD Biosciences, San Jose, CA) antibodies. Consequently, sections incubated with mixture of anti-rabbit Alexa 533 (red, 1:500) and anti-mouse Alexa 488 (green, 1:300, both from Invitrogen, Grand Island, NY). Nuclei stained with Dapi (NucBlue® Fixed Cell ReadyProbes® Reagent, Molecular Probes, Eugene, OR) and slides were coverslip with fluorescent mounting medium (Dako). Human carotid atherosclerotic lesions (n = 7) and non-atherosclerotic carotid arteries (n = 6) were also lysed in a protein lysis buffer containing 10 mM Tris.HCl, (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton, 0.1% Sodium deoxycholate, 0.1% SDS, and 140 mM NaCl. Equal protein from each sample was separated on a 12% SDS-PAGE for immunoblot analysis with rabbit anti-human CatG polyclonal antibody (1:1000, Calbiochem). Mouse anti-actin monoclonal antibody (1:2000, Santa Cruz Biotechnology, Inc., Dallas, TX) was used to ensure equal protein loading.
Mouse experimental atherosclerosis
We crossbred Ctsg -/-mice (C57BL/6/129/SvJ) [22] with atherosclerosis-prone Ldlr -/-mice (C57BL/6, N11, The Jackson Laboratory, Bar Harbor, ME) to generate Ldlr +/-Ctsg +/-breeding pairs to produce Ldlr -/-Ctsg -/-mice and their littermate Ldlr -/-Ctsg +/+ control mice. All mice used in this study were male. To induce atherosclerosis, 6-week-old mice from each group consumed a Western diet (C12108, Research Diets Inc.) for 3 months or 6 months. At each time point, blood pressures were measured and plasma collected. Lesion characterizations for mouse atherosclerosis, including thoracic and abdominal aorta oil-red O staining, aortic arch lesion intima and media areas, lesion macrophages (Mac-3, 1:900, BD Biosciences), T cells (CD4, 1:90, BD Biosciences), MHC class II-positive cells (MHC class-II, 1:250, BD Biosciences), SMCs (α-actin, 1:750, Sigma), collagen (picrosirius red birefringence), elastin (Verhoeff-van Gieson), arch lipid deposition (0.5% oil-red O), and apoptosis (TUNEL, EMD Millipore, Billerica, MA) were performed as described previously [23] . The 3-mm long aortic arch from the brachiocephalic artery to the ascending artery perpendicular line toward the descending artery was used for atherosclerotic lesion analysis, as previously described [24] . We captured images digitally; and measured the stained area using computer-assisted image quantification (Image-Pro Plus software, Media Cybernetics), and immunopositive cells were counted manually. All mouse experiments were performed, and data were analyzed in a blinded fashion, by at least three observers. 
Blood pressure measurement
Mouse blood pressures were measured at different time points while consuming a Western diet. To measure blood pressures from live mice, we used the CODA standard non-invasive blood pressure system -the tail-cuff method, according to the manufacturer's instructions (Kent Scientific Corporation, Torrington, CT). Briefly, mice were trained for 3-5 times before the experiments to confirm that they became accustomed to the tail-cuff procedure. A single investigator recorded blood pressures in a quiet environment without disturbance. At least 30 measurements were obtained from each mouse to determine the mean values of systolic and diastolic blood pressures and heart rate.
Human patient population and plasma CatG ELISA
A total of 232 patients from Wuhan Union Hospital, Wuhan, China, were enrolled in the study due to symptoms of chest pain or electrocardiogram abnormalities including ST-T abnormalities, and were scheduled to undergo coronary angiography. The local Hospital Review Committee approved the human study protocol, and all patients gave informed consent. 171 of the 232 subjects were diagnosed with coronary heart disease (CHD) with one or more major coronary arteries having ≥50% stenosis; 61 subjects had b50% or no luminal narrowing of the coronary artery, and were selected as non-CHD controls. Among the 171 patients with CHD, 59 were diagnosed with acute myocardial infarction (AMI) due to increased levels of creatinine kinase-MB (twofold higher than the upper reference limit) or troponin-I (fivefold higher than the upper reference limit), ischemic symptoms, or ST-T abnormalities by electrocardiography indicative of ischemia and/or infarction; 67 were diagnosed with unstable angina pectoris (UAP) due to the progression of ischemic symptoms less than 3 months before admission to the hospital; and 45 were diagnosed with stable angina pectoris (SAP) based on predictable exertional chest discomfort more than 3 months before enrollment. Patients who were treated with anti-inflammatory drugs; who had connective tissue disease, thromboembolism, disseminated intravascular coagulation, advanced liver disease, renal failure, malignant disease, or other inflammatory diseases (such as septicemia or pneumonia); who had other heart diseases such as rheumatic heart disease, valvular heart disease, congenital heart disease; who had atrial fibrillation or had a pacemaker, were excluded. Among all (232) selected patients, 6/61 (9.8%) non-CHD, 22/45 (49%) SAP, 37/67 (55%) UAP, and 37/59 (63%) AMI patients received lipid-lowering treatment with statins. Human plasma CatG levels were determined using commercial ELISA kits according to manufacturer's recommendation (Alpco, Salem, NH).
Isolation and modification of LDL and HDL 3
Human LDL (d = 1.019-1.050 g/ml) and human HDL 3 (d = 1.125-1.210 g/mL) were isolated from plasma of healthy volunteers (from the Finnish Red Cross Blood Service, Helsinki, Finland) by sequential ultracentrifugation in the presence of 3 mM EDTA [25, 26] . Lipoprotein amounts are expressed in terms of their protein concentrations.
Lipoproteins (1 mg/ml) were incubated for 18 h at 37°C in phosphatebuffered saline with or without 2 mU/ml of human neutrophil CatG (Calbiochem), after which they underwent FPLC analysis using a Superose™ 6 column in an Äkta chromatography system (GE Healthcare) and by monitoring absorbance at 280 nm.
Statistical analysis
Human plasma results are expressed as percentages or median (minimum, maximum). Differences in frequencies were compared using the chi-square test. Normal Gaussian distribution of the data . β-actin immunoblot was used to ensure equal protein loading. CatG immunoblot gel density was quantified with ImageJ software and data was presented as relative ratio to β-actin.
was verified by the Kolmogorov-Smirnov goodness-of-fit test. Whenever the data were not normally distributed, the Kruskal-Wallis H test was used, followed by post hoc analysis (Mann-Whitney U test). To analyze the correlation of serum CatG and blood lipids, we used Pearson's correlation test. To adjust for the impact of statin treatment on the association between plasma CatG and lipid profiles, we performed partial correlation test with the statin treatment as the controlling variable. All mouse data were expressed as mean ± SEM. Due to our small sample sizes and often skewed data distributions, we performed a pairwise non-parametric Mann-Whitney test followed by Bonferroni corrections to examine the statistical significances. SPSS 16.0 was used for analysis.
Results

CatG expression in human atherosclerotic lesions
Prior studies demonstrated CatG expression in mast cells and neutrophils in human atherosclerotic lesions [19, 27] . Immunostaining of parallel sections from human carotid atherosclerotic lesions with a rabbit antihuman CatG polyclonal antibody demonstrated CatG expression in macrophage-rich regions, whereas human normal carotid arteries displayed much less immunoreactive CatG (Fig. 1A) . Immunofluorescent double staining demonstrated that not only macrophages, but also α-actin-positive SMCs, CD31-positive ECs, and CD4 + T cells all contained
CatG protein (Fig. 1B) . Therefore, cells other than mast cells and neutrophils may contribute to the elevated CatG in human atherosclerotic lesions. CatG localizes in intracellular organelles [28] , at the cell surface [29] , and also binds to the nucleic acids in the nuclei [30] . Immunofluorescent double staining detected both intracellular and nuclear CatG (co-localized with DAPI [4′,6′-diamidino-2-phenylindole hydrochloride] staining) in SMCs, ECs, and macrophages in human atherosclerotic lesions (Fig. 1B) . CatG expression in human atherosclerotic lesions was semi-quantified with immunoblot analysis, followed by densitometric analysis using ImageJ. Human carotid atherosclerotic lesions contained significantly more CatG protein than did non-atherosclerotic carotid arteries (Fig. 1C ).
CatG deficiency reduces blood pressure and plasma Ang-II and ACE levels in mice with atherosclerosis
The best-known cardiovascular activity of CatG is processing Ang-I [2] . We have recently shown that inflammatory cytokines and high glucose stimulate SMC generation of Ang-II and ACE, processes that can be fully blocked by a CatG-selective inhibitor or by CatG siRNA [17] . Therefore, increased CatG in human atherosclerotic lesions suggest a role of this protease in local production of Ang-II, thereby promoting atherogenesis and vascular dysfunction. To test whether expression of CatG affects Ang-II (and ACE) expression and blood pressures, we used atherosclerosis-prone Ldlr -/-mice and generated CatG and LDLr double-deficient (Ldlr -/-Ctsg -/-) mice and their littermates (Ldlr
). Before consumption of a Western diet, systolic or diastolic blood pressures did not differ significantly between these strains (data not shown). After having consumed a Western diet for 3 months, however, Ldlr -/-Ctsg -/-mice had significantly lower systolic and diastolic blood pressures compared with Ldlr -/-Ctsg +/+ mice ( Fig. 2A) , but plasma Ang-II and ACE levels did not differ between the groups (Fig. 2B) . After 6 months on this diet, both diastolic blood pressure and plasma Ang-II and ACE levels remained significantly lower in Ldlr -/-Ctsg -/-mice than in Ldlr -/-Ctsg +/+ mice ( Fig. 2A, B) . The temporally disperse changes of Ang-II and ACE concentrations and systolic and diastolic blood pressures between the two groups of mice from both different time points suggest a modest role of CatG activity in Ang-II regulation and blood pressure during atherogenesis. Absence of CatG did not affect the heart rate (data not shown). areas between the two groups of mice did not differ, however, at a later stage of atherosclerosis, when mice had consumed a Western diet for 6 months (Fig. 3A) . Reduced blood pressures in Ldlr -/-Ctsg -/-mice at the 3-month time point ( Fig. 2A) might have contributed to the reduced atherosclerosis in the thoracic and abdominal aortas. At the 6-month time point, however, reduced Ang-II and ACE production and blood pressure ( Fig. 2A, B) did not explain the unchanged thoracic-abdominal aorta atherosclerosis.
The aortic arch develops lesions earlier than the thoracic-abdominal aorta in both Ldlr -/-mice and apolipoprotein E-deficient (Apoe -/-) mice [31, 32] . After 3 months on a Western diet, aortic lesion intima areas from the 3-mm aortic arch (Fig. 3B ) tended to be lower in Ldlr embedding, atherosclerotic lesion sizes in these branches were also larger in Ldlr -/-Ctsg -/-mice than in Ldlr -/-Ctsg +/+ mice at this late stage (Fig. 3B , two right panels). Since the plasma Ang-II and ACE levels and systolic and diastolic blood pressures decreased, rather than increased, in the Ldlr -/-Ctsg -/-mice at this later time point ( Fig. 2A, B) , these hemodynamic changes could not themselves explain the increased atherosclerosis from the aortic arch (Fig. 3B) . Lesion characterization showed no significant differences in lesion Mac-3-positive macrophage content, CD4 + T-cell content, MHC class II-positive area, α-actin-positive SMC area, collagen content, or arch lipid deposition area (Fig. 4A-C) , suggesting that CatG did not affect atherosclerotic lesion inflammation or collagen deposition at either the early (3 months) or the later (6 months) stages. We evaluated the degree of elastin fragmentation in longitudinal frozen sections from mouse aortae stained for elastica by Verhoeff-van Gieson and graded it as follows: grade 1, intact, well-organized elastic laminae; grade 2, elastic laminae with some interruptions and breaks; and grade 3, severe elastin fragmentation or loss as described previously [33] . Representative images are presented in Fig. 4D . Ldlr 
Ctsg
-/-mice had significantly lower aortic arch elastin fragmentation grade than did Ldlr -/-Ctsg +/+ mice at the early stage, but not at the late stage studied. CatG elastase activity [16, 17] may explain reduced early-stage atherosclerosis in both the thoracic-abdominal aorta and the aortic arch in Ldlr (Fig. 3A, B) . Increased atherosclerosis in the aortic arch in Ldlr (Fig. 3B) suggests a different mechanism of CatG in atherogenesis, independent of Ang-II production and blood pressure changes. CatG may either promote apoptosis [34, 35] , or inhibit this process via Ang-II production [36] . Prior study from CatG-insufficient Apoe -/-Ctsg +/-mice demonstrated reduced apoptosis in atherosclerotic lesions [21] . However, TUNEL staining showed increased apoptosis in atherosclerotic lesions from Ldlr -/-Ctsg -/-mice at both the 3-and 6-month time points (Fig. 4E) , suggesting an indirect role of CatG deficiency in apoptosis of cells in atherosclerotic lesions, a hypothesis that merits further investigation. Consistent with increased atherosclerosis in the aortic arch of Ldlr -/-Ctsg -/-mice (Fig. 3B) , we detected significantly larger necrotic core areas in atherosclerotic lesions from Ldlr -/-Ctsg -/-mice than those from Ldlr
mice at the later (6 months) time point but not at the early (3 months) time point, although necrotic core compartments did not differ significantly between the two groups at both time points (Fig. 4F) . To seek the mechanism(s) by which CatG protects against late-stage atherosclerosis in Ldlr (Figs. 3B, 4F ), we measured mouse plasma lipid profiles and found that the absence of CatG increased plasma levels of total and LDL cholesterol significantly at 6 months, but did not affect these levels at 3 months -nor did it alter plasma triglyceride levels at either time point or HDL cholesterol levels at the 6-month time point (Fig. 5A ). Plasma total cholesterol and LDL concentration increases in Ldlr -/-Ctsg -/-mice at a later time point (6 months) suggest that CatG can modulate LDL metabolism. Ldlr mice at this early time point (Fig. 3A, B) . Increased plasma total or LDL cholesterol levels from Ldlr -/-Ctsg -/-mice did not result from an altered liver function, as indicated by the lack of significant differences in plasma albumin and alanine aminotransferase levels of Ldlr
and Ldlr -/-Ctsg +/+ mice either at the 3-month or 6-month time points (Fig. 5B ). These observations suggest that increased atherosclerotic lesion sizes at the 6-month time point were resulted at least in part from increased plasma total and LDL cholesterol levels.
Correlation between plasma CatG and LDL in patients with atherosclerosis
The increased LDL and total cholesterol in conjunction with accentuated atherosclerosis in Ldlr -/-Ctsg -/-mice well agrees with the wellknown pathogenic role of LDL in Ldlr -/-mice. These findings suggested the possibility that CatG also participates in LDL metabolism by decreasing its concentration in humans, and that CatG could thus protect humans from atherogenesis. To test this hypothesis, we measured plasma CatG levels and lipid profiles in patients with acute myocardial infarction (AMI), unstable angina pectoris (UAP), and stable angina pectoris (SAP). Patients with AMI, SAP, and UAP all had significantly lower plasma CatG levels than those without coronary heart diseases (non-CHD group) (Table 1 ). Pearson's correlation test demonstrated that plasma CatG levels correlated significantly and negatively with plasma total cholesterol (r = -0.535, P = 1.88E−15) and LDL (r = -0.559, P = 4.99E−17), but not with triglyceride (r = -0.096, P = 0.186) or HDL (r = -0.009, P = 0.901) ( Table 2) . Among this population, some received statins to lower plasma lipid levels, a treatment that might alter their associations with plasma CatG levels. Therefore, we performed partial correlation test by adjusting for statin treatment as a controlling variable. The negative correlations between plasma CatG and plasma total cholesterol (r = -0.504, P = 1.37E−13) and LDL (r = -0.502, P = 1.91E−13) remained significant after adjusting for statin use (Table 2) . These human data agree with the observations from experimental atherosclerosis. Low plasma CatG or genetic deficiency of CatG consistently associated with plasma total cholesterol and LDL, but not plasma HDL and triglyceride, in CHD patients (Table 1) 
Ctsg
-/-mice after consuming a Western diet for 6 months (Fig. 5A) .
CatG degrades LDL particles, but not HDL particles
To investigate whether CatG can catabolize plasma lipoproteins, we purified human plasma LDL and HDL 3 and incubated these lipoproteins for 18 h with and without 2 mU/mL human neutrophil CatG, after which the samples underwent FPLC analysis using a Superose 6 column. Brief incubation of LDL with CatG significantly reduced the quantity of native LDL (Peak 2, Fig. 6A ). Since a fraction of LDL eluted in the void volume of the column (Peak 1), CatG must have induced aggregation of the protease-treated LDL [37] . Of note, a third peak (Peak 3) appeared after CatG incubation -the material in this peak representing apoB-100 degradation products and eluted CatG. In contrast, incubation of HDL 3 with CatG did not significantly reduce the quantity of native HDL 3 (Peak 1), while the quantity of HDL 3 -derived peptides increased slightly (Peak 2, Fig. 6B ). Ultracentrifugally isolated native HDL 3 fraction contained lower molecular weight material (Peak 2), which we have shown to contain lipid-free and lipid-poor apoA-I detached from the HDL 3 particles [38] . Moreover, a portion of the increase in Peak 2 can be explained by the presence of eluted CatG. Taken together, while CatG degrades apoB-100 and generates fragments, this enzyme does not alter HDL 3 under the conditions used. This finding established a previously unrecognized role of CatG in proteolysis of LDL, but not HDL, and explained increased LDL cholesterol but not HDL cholesterol in Ldlr
and negative association between plasma CatG and LDL cholesterol but not HDL in patients with atherosclerotic coronary artery disease. 
Discussion
As an elastase [16, 17] , CatG may promote arterial wall elastinolysis and exacerbate atherosclerosis. An enzyme capable of producing Ang-II [2, 4, 6] , CatG may also enhance blood pressures and increase the risk of CHD. This study used CatG-deficient Ldlr -/-
Ctsg
-/-mice and established a role of CatG in elastin fragmentation at early stage of atherogenesis. Yet, when these mice consumed a Western diet for 6 months, absence of CatG actually enlarged atherosclerotic lesion areas in the aortic arch by nearly 2-fold ( Fig. 3B ) and increased plasma levels of total cholesterol and LDL cholesterol, but not HDL cholesterol or triglyceride levels ( Fig. 5A ), although CatG-deficiency still reduced diastolic blood pressure and plasma Ang-II and ACE levels in these mice. The mechanistic studies presented here disclose a heretofore unrecognized role for CatG in the regulation of plasma total and LDL cholesterol levels directly by degrading apoB on LDL (while not affecting HDL), although our study did not prove a role of CatG activity in Ang-II production in systolic or diastolic blood pressure changes during atherogenesis. A recent study using Apoe -/-Ctsg +/+ and CatG-haploinsufficient Apoe -/-Ctsg +/-mice suggested an insignificant contribution of CatG in atherosclerosis in these animals that accumulate primarily beta-VLDL rather than LDL [21] . CatG may behave differently depending on the type of hyperlipidemia, as does the cysteine protease cathepsin S (CatS) which we demonstrated significantly reduces atherosclerosis in CatS-deficient Ldlr Coronary angiographic studies often dichotomize those with b 50% coronary stenosis as "insignificant" CHD. Yet, some 40-50% of acute coronary syndromes occur at sites with b 50% luminal narrowing [39] [40] [41] and increased stenosis correlates with reduced risk of coronary rupture Fig. 6 . CatG processes plasma LDL but not HDL. Gel filtration chromatography of purified human plasma LDL (A) and HDL 3 (B) before and after incubation for 18 h with and without 2 mU/ml of CatG. Independent incubations were performed and each sample was analyzed once or twice, resulting in 4-6 chromatograms per sample. The areas of peaks 1-3 (LDL) and peaks 1 and 2 (HDL 3 ) were calculated and presented as mean ± SD. Representative chromatograms of LDL and HDL 3 are shown on the left. P b 0.05 is considered statistically significant. Mann-Whitney U test. [42] . Elastin fragmentation correlates with human and experimental atherosclerotic lesion ruptures [43, 44] . CatG appears to contribute to elastin fragmentation at the early stage (3 months) of atherogenesis [16, 17] [45, 46] . Therefore, CatG elastinolytic activity in non-flow-limiting lesions may contribute to their propensity to rupture in humans, a hypothesis that merits detailed investigation. An LDL-lowering effect of CatG could protect animals and humans from atherosclerosis, a hypothesis supported by several observations from this study and prior studies. In mice, CatG deficiency accentuated late-stage atherosclerosis, in association with increased plasma LDL and total cholesterol levels (Fig. 5A ). Human patients with CHD had significantly lower plasma CatG levels than did those without CHD (Table 1) , and plasma CatG levels correlated significantly and negatively with plasma LDL and total cholesterol levels before and after adjusting for lipid-lowering medications (Table 2 ). In vitro, sub-physiological concentration of human neutrophil CatG degraded purified human LDL (Fig. 6A ). This pathway of CatG in contributing to plasma LDL level changes may not operate in the presence of plasma protease inhibitors -such as α1-antichymotrypsin, an endogenous inhibitor of CatG (and of neutrophil elastase and mast cell chymase) derived from mast cells, neutrophils [47] , hepatocytes, bronchial epithelial cells, and neuronal cells [48, 49] . But several lines of evidence support the hypothesis that plasma α1-anti-chymotrypsin [50, 51] has limited inhibitory activity on CatG-mediated LDL catabolism in vivo. First, a fraction of CatG from human polymorphonuclear neutrophils [52] , and probably other inflammatory cells and vascular cells [53] , may remain bound to cellsurface negatively charged heparin proteoglycans. Such cell-surfacebound CatG is catalytically active and remarkably resistant to naturally occurring inhibitors from the plasma [29] . Second, other cell surface heparin proteoglycan-bound proteases, such as chymase, have proven most effective in LDL and HDL degradation when heparin-bound [54, 55] . After separation from heparin proteoglycan, chymase becomes susceptible to physiological chymase inhibitors present in blood plasma [56] . Third, ApoB-100 of LDL interacts nonspecifically with the negatively charged glycosaminoglycan chains of proteoglycan in the aortic intima at sites of cholesterol accumulation [57, 58] , and probably on the surface of CatG-positive cells in the circulation. This protection from endogenous inhibitors may facilitate ApoB proteolysis by proteoglycanbound CatG. In addition to inflammatory cells, vascular cell CatG may also mediate LDL catabolism in a similar manner. Subendothelial retention of LDL by binding to intimal proteoglycan occurs during atherogenesis [53] , and ECs from human atherosclerotic lesions contain CatG (Fig. 1B) . Significantly lower systemic CatG in CHD patients compared with non-CHD patients (Table 1 ) may contribute directly to enhanced plasma LDL levels (Fig. 5A, Table 1 ), thereby exacerbating atherosclerotic lesion progression, as observed in the Ctsg -/-mice (Fig. 3B) .
Although CatG-mediated extracellular elastin degradation may contribute to atherogenesis, increased levels of the CatG inhibitor α1-antichymotrypsin in human and experimental atherosclerotic lesions [59] may limit secreted CatG's contribution to elastin degradation in patients and animals with advanced atherosclerosis. In contrast, proteolysis of LDL by cell surface-associated CatG in various compartments protects the enzyme from α1-anti-chymotrypsin.
Conclusion
The results of this study reveal several novel cellular sources of CatG expression in addition to mast cells and neutrophils in atherosclerotic lesions, notably SMCs, ECs, macrophages, and T cells. The results also disclose novel roles of CatG in elastin degradation and cholesterol metabolism, providing mechanistic insight into the diverse and previously unknown functions of this serine proteinase in atherosclerosis.
